The Rab-GTPase-activating proteins (GAPs) TBC1D1 and TBC1D4 play important roles in the insulin-stimulated translocation of the glucose transporter GLUT4 from intracellular vesicles to the plasma membrane in muscle cells and adipocytes. We identified Rab28 as a substrate for the GAP domains of both TBC1D1 and TBC1D4 in vitro. Rab28 is expressed in adipose cells and skeletal muscle, and its GTP-binding state is acutely regulated by insulin. We found that in intact isolated mouse skeletal muscle, siRNAmediated knockdown of Rab28 decreases basal glucose uptake. Conversely, in primary rat adipose cells, overexpression of Rab28-Q72L, a constitutively active mutant, increases basal cell surface levels of an epitope-tagged HA-GLUT4. Our results indicate that Rab28 is a novel GTPase involved in the intracellular retention of GLUT4 in insulin target cells.
Insulin stimulates glucose uptake by inducing the rapid and reversible translocation of GLUT4 glucose transporters from intracellular vesicles to the plasma membrane of muscle cells and adipocytes [1] . In addition to the directional movement of GLUT4-containing vesicles along the microtubule network, insulin may also regulate a number of additional trafficking steps required for the recycling of the protein, such as the formation of translocation-competent vesicles, tethering and fusion, and endocytic recycling of GLUT4 [2] . However, how these vesicles are mobilized to the cell surface and how GLUT4 is eventually sorted back into its storage compartment is not well understood.
Recently, the two closely related Rab-GTPase-activating proteins (GAPs) TBC1D1 and TBC1D4 have been shown to play important roles in the regulation of GLUT4 translocation. Both proteins are phosphorylated in response to insulin, AMP-activated protein kinase, and exercise/muscle contraction, and mutation of specific phosphorylation sites has been shown to abrogate insulin-stimulated glucose transport [3] . Interestingly, in humans, mutations in TBC1D4 (R363X, R684X) and TBC1D1 (R125W, R443X) have been linked to severe postprandial hyperinsulinemia and obesity, respectively [4] [5] [6] [7] . Consistently, knockout mice lacking either Tbc1d1 or Tbc1d4 display altered energy Abbreviations EDL, Extensor digitorum longus; GAPs, GTPase-activating proteins; KHB, Krebs-Henseleit buffer; TA, tibialis anterior.
homeostasis and partially impaired glycemic control [8] [9] [10] . However, at the molecular level, the stages in GLUT4 trafficking TBC1D1 and TBC1D4 participate are not known. Both proteins contain a Rab-GTPaseactivating (GAP) domain which directly controls the activation state of RabGTPases by converting them from the active, GTP-bound state into the inactive GDP-bound state. Several lines of evidence suggest that the GAP domains in TBC1D1 and TBC1D4 directly regulate the activity of a set of Rab-GTPases, thereby controlling the subcellular targeting and transport activity of GLUT4 [3] .
The Rab family is the largest family of small Raslike GTPases with more than 60 members in mice and humans [11] . Most Rab-GTPases cycle between an inactive, GDP-bound and an active, GTP-bound state, respectively, and act as molecular 'switches' for the formation, transport, tethering, and fusion of vesicles, and regulating their traffic between organelles. Several Rab-GTPases, including Rab2, Rab8b, Rab10, and Rab14 have been identified as substrates for recombinant truncated GAP domains of TBC1D1 and TBC1D4 in vitro [12, 13] . However, the significance of these findings for GLUT4 translocation in adipose tissue and muscle in vivo, and the Rab specificity of the full-length GAPs remain to be determined. Moreover, it is currently unknown whether the same Rab proteins are activated downstream of TBC1D1 and TBC1D4 and how diverse the range of G-proteins that are activated may be. Here we report evidence that Rab28, a member of the Rab family, is a TBC1D1 and TBC1D4 substrate and involved in GLUT4 trafficking. 
Materials and methods

Materials
Experimental animals
Mice and rats were maintained on a 12 : 12-h light:dark cycle and had free access to standard chow (Ssniff Spezialdi€ aten, Soest, Germany) and water. Male 3-to 4-monthold C57BL/6J mice and male SD rats with a body weight of 180-200 g were used for the study. Animal experiments were approved by the Ethics Committee of the State Agency for Nature, Environment and Consumer Protection (LANUV, North Rhine-Westphalia, Germany) and conducted at the animal facility of the German Diabetes Center.
RNA extraction, cDNA synthesis, and quantitative real-time PCR
RNA extraction and cDNA synthesis was performed as described [14] . Real-time PCR was performed with an Applied Biosystems 7500 Fast Real-Time PCR-System using TaqMan PCR probes (Applied Biosystems, Foster City, CA, USA) for Rab28 (Mm01216261_m1) and data were normalized to TATA box-binding protein (Tbp, Mm00446971_m1) according to the DCt method [15] .
Purification of recombinant proteins and in vitro Rab-GAP assays
Expression and purification of GST fusion proteins from Escherichia coli BL21 was performed as described [16] . Purified GST-Rab fusion proteins (0.6 lM) were loaded with 0.1 lM [c-32 P]GTP (Hartmann Analytic, Braunschweig, Germany) in 20 mM Tris/HCl, 5 mM MgCl 2 , 1 mM DTT, 0.02% (w/v) BSA, pH 8.0 as described [13] . After adding 0.6 lM purified GST-GAP domains, aliquots were removed at time 0 and 16 min, and radioactive [ 32 P]phosphate was separated from nucleotides by filtration through activated charcoal [17] . Radioactivity in the filtrate was determined by scintillation counting.
In vivo electroporation of skeletal muscle
In vivo electroporation has been described elsewhere [18] . Briefly, male C57BL/6J mice were anesthetized with 4% isoflurane/O 2 during injections and electroporation. 
GTP photolabeling of FLAG-Rab28
Seven days post electroporation, mice received intraperitoneal injections of insulin (1 UÁkg À1 body weight) or saline, and after 30 min, TA muscles were harvested and homogenized manually with a pistil homogenizer in lysis buffer (20 mM Tris/HCl pH 7.5, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton plus proteinase inhibitor, and phosphatase inhibitor cocktail). For immunoprecipitation of FLAG-Rab28, muscle lysates were incubated overnight at 4°C with Anti-FLAG M2 Affinity Gel (Sigma-Aldrich). The beads were washed with lysis buffer, and proteins were eluted with 1 mgÁmL À1 3 9 FLAG peptide (Sigma-Aldrich). Eluates were incubated with 40 lM of the biotinylated GTP photolabel Bio-ATB-GTP [19] in 20 mM Tris/HCl, 5 mM MgCl 2 , 1 mM DTT, 0.02% (w/v) BSA, pH 8.0 for 30 min at RT and crosslinked with 300 nm UV light for 3-4 min as described [19] . Biotinylated proteins were then separated by SDS/PAGE and detected by western blot with Extravidin-Peroxidase (Sigma-Aldrich) and anti-FLAG antibodies.
Ex vivo glucose uptake in isolated skeletal muscle
Seven days post electroporation with siRNA oligonucleotides, EDL muscles were removed from 4 h fasted, anesthetized mice and incubated for 30 min at 30°C in vials containing preoxygenated (95% O 2 /5% CO 2 ) KrebsHenseleit buffer (KHB) containing 5 mM HEPES and supplemented with 15 mM mannitol and 5 mM glucose as described [20] . Muscles were transferred to new vials containing fresh pregassed KHB, as described above with or without 120 nM of insulin (Actrapid; Novo Nordisk, Mainz, Germany Cell culture, transfection of rat adipose cells, and cell surface antibody-binding assay
Preparation of isolated rat epididymal adipose cells from male SD rats was performed as described previously [21] . Isolated cells were suspended in Dulbecco's modified Eagle's medium (DMEM) containing 25 mM glucose, 25 mM HEPES, 4 mM L-glutamine, 200 nM (À)-N 6 -(2-phenylisopropyl)-adenosine, and 75 lgÁmL À1 Gentamycin to a cytocrit of 50%. Electroporation with 0.1 lg per cuvette pCIS2-HA-GLUT4 plasmid and 0.8 lg per cuvette of pCDNA3-FLAG-Rab28 plasmid or empty vector, and 100 lg of carrier DNA (salmon sperm DNA; Life Technology, Carlsbad, CA, USA) was carried out in 0.4-cm gap-width cuvettes using a BTX-T810 square wave pulse generator. After applying three pulses (12 ms, 200 V), the cells were cultured at 37°C, 5% CO 2 in DMEM containing 3.5% bovine serum albumin. Twenty hours post transfection, cells were harvested and analyzed for HA-GLUT4 trafficking as described [21] . Briefly, the cells were either stimulated with 60 nM insulin for 30 min at 37°C or not (basal), and subcellular trafficking of GLUT4 was stopped by addition of 2 mM KCN. Then, anti-HA antibody was added (1 : 1000) and the cells were incubated for 1 h. Excess antibody was removed by washing the cells three times with KRBH/5% bovine serum albumin. Then, 0.1 lCi of [ 125 I]goat antimouse antibody was added and the cells were incubated for 1 h. Finally, the cells were spun through dinonylphtalate oil and the cell surface-associated radioactivity was counted in a c-counter. The resulting counts were normalized to the lipid weight of the samples [21] . Antibody-binding assays were performed in duplicate or quadruplicate.
Statistical analysis
Data are expressed as mean and SEM unless indicated otherwise. P values were calculated by two-way ANOVA followed by Sidak's post hoc test using GRAPHPAD PRISM (GraphPad Software, Inc., La Jolla, CA, USA).
Results
Expression of Rab-GTPases in white adipose tissue and skeletal muscle
We investigated mRNA expression of Rab-GTPases in WAT and skeletal muscle from mice using microarray technology. mRNA derived from tissues from 8-to 12-week-old male mice was isolated as described, and analyzed with Affymetrix Mouse 430 2.0 GeneChips [17, 22] . The normalized fluorescence signals from the chips indicated that at least 16 different Rab genes are expressed in both WAT and skeletal muscle (Table S2) . Of these, nine Rabs had previously been tested positively (Rab2, Rab8b, Rab10, and Rab14) or negatively (Rab1, Rab6, Rab11a, Rab18, and Rab21) for being substrates for the recombinant GAP domains of TBC1D1 and TBC1D4 in vitro [12, 13] . On the basis of tissue-specific gene expression, Rab9, Rab28, Rab32, Rab34, and Rab33B were considered as novel candidate substrates for the GAP activity of TBC1D1 and TBC1D4.
Rab28 is a novel substrate for TBC1D1 and TBC1D4 in vitro
To investigate whether the intrinsic GTPase activity of the Rab proteins was stimulated by the GAP domains of TBC1D1 and TBC1D4, we cloned, expressed, and purified recombinant GST fusion proteins of Rab8a, Rab9, Rab10, Rab28, Rab32, Rab33B, and Rab34 in E. coli. Likewise, we constructed and purified the GAP domains of TBC1D1 and TBC1D4 and the respective inactive mutants, TBC1D1-RK and TBC1D4-RK as GST fusion proteins from E. coli (Fig. S1 ). All purified GST-Rab proteins showed comparable binding of [ (Fig. S2) . Next, we investigated the GAP activity of TBC1D1 and TBC1D4 toward the GST-tagged Rabs. Purified recombinant GST-Rab proteins were loaded with c[ 32 P] GTP and then incubated either alone, or with the functional GAP domain, or an enzymatically inactive GAP mutant (R941K, R1008K) of TBC1D1 and TBC1D4 as described in Materials and methods. To determine the GTPase activity of each Rab protein, we measured the rate of production of [ 32 P]phosphate from the hydrolysis of GTP to GDP. As illustrated in Fig. 1 , the GTPase activity of Rab10 was increased approximately eightfold by the GAP domain of TBC1D1. In contrast, the mutant GAP domain, TBC1D1-R941K which lacks the critical arginine finger [23] , had no effect on the GTPase activity of GST-Rab10. The GTPase activity of Rab32, Rab33b, and Rab34 was increased two-to threefold in the presence of TBC1D1 but not with the RK mutant. In contrast, Rab9 displayed moderately increased GTP hydrolysis in the presence of both TBC1D1 and the RK mutant. Notably, the GTPase activity of Rab28 was increased substantially (eightfold) in the presence of the GAP domain of TBC1D1 but not TBC1D1-RK. Similar results were obtained with the GSTtagged GAP domain of TBC1D4 (Fig. S3) .
S] GTP-c-S in vitro
GTP binding of Rab28 is increased with insulin stimulation in vivo
Rab28 is expressed in various insulin-sensitive tissues including skeletal muscle, WAT, liver, and the heart (Fig. S4) [24] . To further investigate the regulation of the GTPase activity of Rab28, we used a biotinylated GTP photolabel (Bio-ATB-GTP) to determine the activation state of the protein in vivo [19] . Therefore, we overexpressed FLAG-tagged Rab28 by in vivo electroporation of mouse TA muscles as described in Materials and methods. After 7 days, insulin (1 U per kg body weight) was administered by intraperitoneal injection into the mice and the muscles were dissected after 20 min. Then, TA muscles were homogenized and GTP-binding proteins were labeled with Bio-ATB-GTP as described in Materials and methods. The amount of GTP-bound Rab28 was determined after FLAG-IP and western blot with Extravidin-Peroxidase. As shown in Fig. 2 , labeling of the biotinylated GTP analog to FLAG-Rab28 was largely prevented be excess of unlabeled GTP. Importantly, stimulation with insulin led to a threefold increase of Rab28 labeling.
Knockdown of Rab28 decreased basal 3 Hdeoxyglucose uptake in isolated mouse skeletal muscle Next, we measured basal and insulin-stimulated glucose uptake in intact isolated skeletal muscle after siRNA-mediated knockdown of Rab28. We performed in vivo electroporation of mouse legs with siRNA for Rab28 and nontarget siRNA as control, as described in Materials and methods. Seven days post electroporation, EDL muscles were isolated and assayed for basal and insulin-stimulated 3 H-deoxyglucose uptake. As shown in Fig. 3 , electroporation of Rab28 siRNA oligonucleotides led to reduced mRNA levels for Rab28. Moreover, knockdown of Rab28 was associated with reduced glucose uptake in the basal state, and with a trend for reduced glucose uptake in the insulin-stimulated state, respectively (Fig. 3) . The abundance of GLUT4 was not different between ntsiRNA and Rab28-siRNA-transfected EDL muscles (Fig. S5) .
Overexpression of constitutively active Rab28 increased basal and insulin-stimulated GLUT4 translocation in rat adipocytes
In order to obtain evidence for an involvement of Rab28 in insulin action, we cotransfected isolated rat adipocytes with an epitope-tagged HA-GLUT4 and either a constitutively active (Q72L) or a dominantnegative (S27N) mutant of Rab28. After 20 h of culturing, cell surface levels of HA-GLUT4 were determined with basal and insulin-stimulated cells by an HA antibody-binding assay as described in Materials and methods. The protein abundance of both mutants, Rab28-Q72L and Rab28-S27N was comparable. As shown in Fig. 4 , stimulation with insulin resulted in increased HA-immunoreactivity on the surface of transfected adipose cells. Importantly, expression of Rab28-Q72L led to a substantial increase (37%) in basal HA-GLUT4 at the cell surface, and to a less pronounced (16%) increase in the amount of cell surface HA-GLUT4 in the insulin-stimulated state. In contrast, expression of Rab28-S27N had no significant effect on the cell surface levels of HA-GLUT4 in rat adipose cells.
Discussion
The Rab-GAPs TBC1D1 and TBC1D4 constitute critical components of the insulin signaling cascade as they control the activation state of Rab-GTPases involved in GLUT4 translocation [3] . In two previous studies with a total of 14 selected Rab proteins, Rab2, Rab8, Rab10, and Rab14 were identified as substrates for the Rab-GAP domains of TBC1D1 and TBC1D4 in vitro Basal and insulin-stimulated tibialis anterior muscles from mice overexpressing FLAG-Rab28 were harvested and lysed as described in Materials and methods. Immunoprecipitated FLAGRab28 samples were then incubated with 40 lM Bio-ATB-GTP in the absence or presence of unlabeled GTP for 30 min and crosslinked with 300 nm UV light as described [19] . Samples were separated by SDS/PAGE and biotinylated FLAG-Rab28 was quantified by western blot using avidin-conjugated peroxidase (POD) and ECL. Data represent mean values AE SEM from three independent experiments. H-deoxyglucose uptake in intact isolated mouse skeletal muscle. siRNA for Rab28 and nontarget siRNA were electroporated into the legs of male 12-week-old C57BL/6J mice by IVE as described in Materials and methods. Seven days post electroporation, EDL muscles were isolated and assayed for basal and insulin-stimulated 3 H-deoxyglucose uptake as described in Materials and methods. Knockdown efficiency of Rab28 was determined by quantitative real-time PCR. Data represent mean values AE SEM from eight independent experiments. **P < 0.01, *P < 0.05 basal vs insulin, nt control vs Rab28 siRNA, two-way ANOVA. [12, 13] . On the basis of tissue-specific gene expression, we investigated Rab9, Rab28, Rab32, Rab34, and Rab33B as additional and potentially relevant candidate substrates for the GAP domain of TBC1D1 and TBC1D4.
The GTPase activity of Rab28 was increased substantially by the GAP domain of TBC1D1 in vitro, whereas the inactive TBC1D1-RK mutant had no effect. In vitro, the magnitude of the TBC1D1-stimulated GTPase activity of Rab28 is nearly identical to the GTPase activities of Rab8, Rab10, and Rab14 which constitute well-established substrates for the TBC1D1 and TBC1D4 GAPs. Thus, the efficacy of the GAP domain for Rab28 is comparable to that for Rab8b, Rab10, and Rab14. Moreover, the GAP domains of TBC1D1 and TBC1D4 appear to exhibit similar specificities toward all Rab-GTPases tested in vitro, implicating some redundancy in downstream signaling of both Rab-GAPs.
Previous studies have shown that insulin stimulation leads to phosphorylation of TBC1D1 and TBC1D4 at serine/threonine residues which has been proposed to result in inactivation of the GAP domain, and to subsequent activation (i.e., increased GTP binding) of downstream Rab-GTPases [25, 26] . Consistent with this mechanism, we found that in mouse skeletal muscle, insulin stimulation leads to an increased specific labeling of an ectopically expressed FLAG-tagged Rab28 with a biotinylated GTP photolabel. We therefore conclude that insulin stimulation leads to conversion of Rab28 into its activated GTPbound form.
We sought functional evidence for an involvement of Rab28 in insulin signaling. Therefore, we analyzed glucose uptake in isolated skeletal muscle after Rab28 knockdown. Additionally, we cotransfected Rab28 mutants together with an HA-tagged GLUT4 reporter into primary rat adipose cells and determined the amount of cell surface-associated GLUT4 glucose transporters with an antibody-binding assay [27] . In muscle tissue, knockdown of Rab28, as assessed by reduction in the mRNA, decreased basal glucose transport, whereas overexpression of Rab28-Q72L led to elevated cell surface expression of HA-GLUT4 in the basal state, thus mimicking stimulation of adipose cells with insulin. In the insulin-stimulated state, the amount of HA-GLUT4 on the cell surface was further increased in Rab28-Q72L-transfected cells. These data suggest that Rab28 activation might impair intracellular retention of GLUT4 which leads to accumulation of glucose transporters on the cell surface even in the absence of insulin.
Interestingly, the inactive Rab28-S27N mutant did not affect GLUT4 trafficking, indicating that the degree of overexpression may not be sufficient for eliciting a dominant-negative effect on GLUT4 translocation.
Based on sequence analysis, Rab28 is a rather distant member of the Rab family, sharing also several structural and functional features with members of the Arf-GTPase family [24, 28] . Rab28 is ubiquitously expressed with highest levels found in brain, liver, , and empty pcDNA3 vector as described in Materials and methods. After 20 h of cell culture, cells were harvested and analyzed for protein abundance of HA-GLUT4, FLAG-Rab28, and GAPDH. Cell surface expression of HA-GLUT4 was determined with a radioactive antibody-binding assay using monoclonal antibodies directed against the extracellular HA-tag and [ 125 I]goat anti-mouse antibody [21] . The cell surfaceassociated radioactivity was normalized first to the lipid weight of the cells, then to the basal control. Results are the means AE SEM of duplicate determinations in four independent experiments. **P < 0.01, *P < 0.05 basal vs insulin, HA-GLUT4 control vs Rab28 mutant, two-way ANOVA.
kidney, skeletal muscle, adipose tissue, testis, and urothelium [24] . The biological function of Rab28, however, is not well understood. In humans, mutations in the Rab28 gene are associated with human autosomal-recessive cone-rod dystrophy [29] . Rab28 was also implicated in nuclear transport of NF-jB in endothelial cells [30] , as well as in retromer-dependent trafficking and ESCRT-mediated degradative pathways [31] . Recently, genetic variants in the Rab28 gene were associated with body weight and muscle development in cattle, consistent with a possible role of Rab28 in metabolism [32] . Consistent with the complex trafficking pathways of GLUT4, many Rab-GTPases including Rab3b, Rab4, Rab5, Rab8, Rab10, Rab11, Rab13, Rab14, and Rab31, have been described to be associated to GLUT4-containing vesicles [33, 34] . Rab3B, Rab8, and Rab10 were suggested play roles in the exocytosis of GLUT4 vesicles, whereas Rab14 may regulate endocytic trafficking of the glucose transporter [35, 36] . Our current studies cannot resolve the site of action of Rab28 in the GLUT4 trafficking pathway and further studies on trafficking kinetics would be necessary to identify, where Rab28 is activated by insulin and leads to its participation in the translocation of GLUT4.
In summary, our study shows that Rab28 is a novel downstream effector of TBC1D1 and TBC1D4 and thus might regulate intracellular trafficking of GLUT4. While TBC1D1 is present mainly in glycolytic skeletal muscle, and TBC1D4 is more abundant in oxidative skeletal muscle and adipose tissue, both Rab-GAPs exhibit similar catalytic activities toward GTP-loaded Rab28 in vitro. Further analysis is necessary to analyze the specific contribution of each Rab-GAP in GLUT4 trafficking, and the exact molecular function and specific steps regulated by the GTPase. 
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